Mesoporous activated carbons were prepared from three types of bamboo materials, i.e. non-pretreated, acid-pretreated and base-pretreated bamboos, by H3PO4 and ZnCl2 activation. Acid-and base-pretreatments of bamboo materials were performed using H2SO4 and NaOH, respectively, in order to alter bamboo components and enhance an activation effect. The change in bamboo components by acid-or base-pretreatment was examined by thermogravimetric analysis. The porous structure of prepared activated carbons was also characterized through N2 adsorption-desorption isotherms at -196℃. The results showed that the base-pretreatment of raw materials had the positive effect on mesopore development during H3PO4 and ZnCl2 activation processes, while such kind of effect by acid-pretreatment was observed only for ZnCl2 activation. The most mesoporous sample prepared from base-pretreated bamboo by H3PO4 activation with the impregnation ratio of 6 g/g showed the SBET, Vmeso and Dave values of 1380 m 2 /g, 1.54 cm 3 /g and 6.0 nm, respectively. The dye adsorption experiments were carried out through a batch test to evaluate each prepared activated carbon. Methylene blue and direct blue 71 were chosen as adsorbates. ZnCl2 activated carbons had the better adsorption capacity for methylene blue compared to H3PO4 activated carbons, which were not well-suited for the methylene blue adsorption probably due to their smaller SBET and positive charge on surface. The most mesoporous sample had the largest amount of direct blue 71 adsorption (0.97 mmol/g) among the all samples, suggesting that the prepared mesoporous activated carbons would be a valuable material for the removal of bulky dyes.
INTRODUCTION
Activated carbon is a widely used material for the removal of organic compounds in industry due to its high surface area and pore volume. In addition, activated carbon can be employed at ordinary temperatures and pressures, as well as being easy to operate, so it is an effective adsorbent. However, since common activated carbon is microporous with pore diameter of less than 2 nm, it is difficult to adsorb larger molecules ( ＞ 2 nm) such as some bulky dyes 1) . Dyes have been used in many industries, i.e. textile, printing, food and cosmetics, and the effluent containing dyes would have the activity of mutagenic and carcinogenic 2) . Therefore, mesoporous activated carbon with pore diameter of 2-50 nm has been required for the dye wastewater treatment.
Activated carbons have been made from various lignocellulosic materials such as rice husk 3) , corncob 4) , cherry stone 5) and bamboo 6, 7) .
Bamboo is an abundant, especially in Asia, and possesses the rapid growth ability compared to other plants because it can mature at only 3-5 years of age 8) , so bamboo could be regarded as cheaply available material. However, although 3.3 million tons of bamboos are annually provided in Japan, most of them have not been effectively utilized for industries 9) . Besides, in recent years bamboo is considered as a weed in forestry because it inhibited the growth of other trees/plants due to its extraordinary growth rate 10) . The preparation of activated carbons from bamboo is one of the promising options to prevent the bamboo harm as well as to make an efficient use of bamboo resources.
So far, mainly two types of activation technique, physical and chemical activation, have been proposed for the preparation of activated carbons. Physical activation procedures involve the carbonization of a precursor, followed by the activation of the resulting char with oxidizing gas such as steam 11) and/or CO2 12) . In the case of chemical activation, a raw material is first impregnated in chemical agents such as H3PO4 13) or ZnCl2 14) which are frequently used as chemical agents, then pyrolyzed under inert gas atmosphere. Chemical activation is superior to physical activation in several aspects such as low energy consumption and high carbon yield because it can be carried out at lower temperature than physical activation. Furthermore, it is sug-─ 80 ─ gested that effective development of pore structure and also expansion of pore size could be obtained by chemical activation 15, 16) .
In order to effectively enhance the chemical activation, there is a technique to change the raw material components. Liou and Wu treated ash-rich rice husk by base solution to remove the ash content and conducted H3PO4 and ZnCl2 activation 17) . Their findings clearly showed that the removal of ash by base-treatment led to the pore development of prepared activated carbons compared to non-pretreated samples. Although the contents of raw material would be related to the degree of pore development, such kind of information has been limited, and therefore, the influence of raw material components on the pore structure of activated carbon and the performance of pretreatments should be examined for the effective removal of bulky dye molecules. The aim of this study was to prepare mesoporous activated carbon from bamboo for the removal of large dye molecules. Acid-and base-pretreatments of raw bamboo materials were performed to change the compositions of bamboo, then the chemical activation with H3PO4 and ZnCl2, as widely used activation agent, was conducted. The change in bamboo components such as cellulose, hemicellulose and lignin by acid-and base-pretreatments was examined by thermogravimetric analysis. The porous structure of prepared activated carbons was determined by N2 adsorption-desorption isotherms at -196℃. The adsorption capacity of each activated carbon was evaluated through batch adsorption experiments using different sized adsorbates such as methylene blue and direct blue 71.
MATERIALS AND METHODS

Pretreatment of bamboo
Moso bamboo (Phyllostachys pubescens) obtained in Aichi prefecture, Japan, was selected as a raw material in this study and had the very low ash content (0.3%). Bamboo samples were stored in cooled and dark place after harvested and cut into the plates. Non-pretreated, acid-pretreated and base-pretreated bamboos were used as feedstock for activated carbons. Bamboo was cut into chips with particle sizes of 20 mm in length, 10 mm width and 2 mm thickness, then washed with hot distilled water to remove impurities. The acid-or basepretreated bamboo chips were obtained by impregnating the chips in H2SO4 or NaOH solutions, respectively. For the former procedure, bamboo chips were soaked in 3 M H2SO4 for 2 h at 98℃ for the acidpretreatment, then the acid-pretreated bamboo chips were rinsed by 0.01 M NaOH solution and hot distilled water repeatedly until the pH of rinse solution became stable. In the latter pretreatment, bamboo chips were soaked in 1 M NaOH for 2 h at 98℃, followed by washing with 0.01 M HCl solution and hot distilled water repeatedly until the pH of washing solution stabilized. The H2SO4 and NaOH solutions with bamboo chips at 98℃ became muddy-and clear-brown, respectively. In addition, the weight of acid-pretreated and base-pretreated bamboo chips was decreased to 61 and 67%, respectively, compared to non-pretreated sample. These results indicated that some of the bamboo components were eluted by each pretreatment.
The change in bamboo components by acid-and base-pretreatments was examined by thermogravimetric analysis because the components involving cellulose, hemicellulose and lignin were decomposed at different temperatures. Each sample was heated from room temperature to 600℃ at a rate of 2 ℃/min under N2 atmosphere. Thermogravimetric (TG) and differential thermogravimetric (DTG) curves were measured using a TG analyzer (EXSTER6000, Seiko Instrument, Japan).
Preparation of activated carbons
H3PO4 and ZnCl2 were used as an activation agent. Each bamboo chip was impregnated in H3PO4 or ZnCl2 solution and the mixture was stirred for 8 h at 70℃. The impregnation ratio defined as the mass ratio of activation agent (H3PO4 and ZnCl2) to bamboo material was 3 or 6 g/g. After the impregnation process, each mixture was dried overnight at 110℃. The resulting materials were pyrolyzed under N2 gas atmosphere at a flow rate of 200 mL/min in a tubular furnace.
The temperature was raised from room temperature to 500℃ at a heating rate of 7℃/min and kept for 1 h. After carbonization, the samples were cooled to room temperature under N2 gas atmosphere.
The prepared activated carbons were soaked in 1 M HCl solution for 1 h, and repeatedly washed with hot distilled water. Furthermore, the samples were thoroughly rinsed by hot distilled water in a Soxhlet extractor for 24 h. The samples were dried overnight at 110℃, then crushed and sieved to the particle size of smaller than 2.7 mm. The prepared samples were named as follows. The activated carbons prepared from non-pretreated bamboo are described as Px or Zx, where P and Z mean the H3PO4 and ZnCl2 activation, respectively, and x is the impregnation ratio [g/g]. In the same manner, the activated carbons prepared from acid-or base-pretreated bamboo are called APx and AZx or BPx and BZx, respectively, where A and B represent acidand base-pretreatment, respectively.
Characterization
The porosity of activated carbons was determined by N2 adsorption-desorption isotherms at -196℃ using a surface area analyzer (Beckman Coulter, SA3100, USA). Approximately 0.1 g of samples was outgassed at 300℃ for 90 min under vacuum before measurement. Brunauer-Emmet-Teller (BET) equation was used to evaluate the specific surface area (SBET). The total pore volume (Vtotal) was obtained from N2 adsorption capacity at a relative N2 pressure (P/P0) of 0.99. The αs-plot with subtracting pore effect (SPE) method 18) was applied to estimate the micropore volume (Vmicro). The mesopore volume (Vmeso) was obtained from the difference between Vtotal and Vmicro.
The average pore diameter (Dave) was calculated from SBET and Vtotal values assuming that pore of samples is cylindrical. The pore size distribution was evaluated by Dollimore and Heal (DH) method 19) .
The pH of the aqueous slurry (pHslurry) prepared by mixing the distilled water with activated carbons was determined in the following procedures to estimate the surface electrical charge of activated carbons. A 25 mL of distilled water in 100 mL Erlenmeyer flask was added to 50 mg of each activated carbon. The flasks were shaken with a rate of 100 rpm at 25℃ for 24 h. The pH of the distilled water with activated carbon was measured by a pH meter (D-51, Horiba, Japan). It is reported that the pHslurry is almost equal to the point of zero charge (pHPZC) 20) . Therefore, the pHslurry would be fruitful information for understanding of the surface electrical charge of activated carbons.
Dye adsorption
The different-sized organic dyes were removed from aqueous so-
lution by the prepared activated carbons for the purpose of evaluating mesopore roles. In this study, methylene blue (MB) and direct blue 71 (DB71) were chosen as adsorbate, and their molecular structures are shown in Fig. 1 .
The adsorption experiments were carried out in a batch system. Approximately 25 mg of each adsorbent was put into a 100 mL Erlenmeyer flask with 25 mL dye solution. The initial concentrations of MB and DB71 were adjusted to 2.0 and 1.5 mmol/L, respectively. These flasks were agitated in a thermostatic shaker with a rate of 100 rpm at 25℃. The MB and DB71 solutions with activated carbons were shaken for 3 and 21 days, respectively, to achieve adsorption equilibrium. After that, the equilibrium concentration of each adsorbate (Ce The equilibrium pH (pHe) of the dye solutions was also measured by a pH meter.
RESULTS AND DISCUSSION
The influence of acid-and base-pretreatment
TG and DTG curves of non-pretreated, acid-pretreated and basepretreated bamboos are shown in Fig. 2(a) and (b). The weights of non-pretreated, acid-pretreated and base-pretreated bamboos were decreased to 18, 38 and 16%, respectively, at 600℃ due to the thermal decomposition of cellulose, hemicellulose and lignin ( Fig. 2(a) ).
From Fig. 2(b) , the large peaks around 320℃ were observed for all samples. These peaks would be attributed to cellulose decomposition 21) and the cellulose peak of base-pretreated bamboo was the highest among all samples. Therefore, the base-pretreated bamboo would contain the largest amount of cellulose, implying that other components such as hemicellulose and lignin could be removed by the base-pretreatment. Rao et al. exhibited the same trends with our study that lignin was removed from bagasse by NaOH solution 22) . In addition, the cellulose peaks of the acid-and base-pretreated bamboos were shifted to lower temperature compared to the non-pretreated sample. This shift might be caused by degrading crystallinity of cellulose by the acid-and base-pretreatments 23) . The small peak which existed for only non-pretreated sample at 280℃ would be attributed to hemicellulose pyrolysis 21) . This result indicates that the acid-and base-pretreatments could remove hemicellulose from bamboo. The broad peaks around 400℃ might be related to lignin pyrolysis. The acid-pretreated bamboo showed the moderate and large lignin peak compared to other samples, implying that a large amount of lignin would be contained.
Characteristics of bamboo activated carbons
N2 adsorption-desorption isotherms of chemical activated carbons prepared from bamboo are shown in Fig. 3 . All samples had the combination of Type I and IV isotherms classified by IUPAC. Accordingly, the chemically activated carbons from bamboo had both micropore and mesopore. The sample of BP3 and BP6 showed the higher adsorption capacity at high relative pressure (P/P0: 0.95-1.0) than P3 and P6, respectively ( Fig. 3(a) and (b)), suggesting that the base-pretreatment of bamboo materials would be effective for the development of mesoporous structure when the H3PO4 activation was applied. N2 adsorption capacity of AP3 and AP6 were, however, ─ 82 ─ decreased compared to P3 and P6, respectively. From these results, the acid-pretreatment of bamboo materials would rather have a negative effect on the pore development. On the other hand, AZ3, BZ3, AZ6 and BZ6 activated with ZnCl2 had the higher N2 adsorption capacity than the activated carbons prepared from non-pretreated bamboo ( Fig. 3(c) and (d) ). Therefore, both of the acid-and basepretreatments of bamboo materials would be a valuable technique for the pore development in ZnCl2 activation.
The textual properties (SBET, Vtotal, Vmicro, Vmeso and Dave) of the prepared activated carbons are shown in Table 1 . The SBET values of the ZnCl2 activated carbons tended to be larger than that of the H3PO4 activated carbons. The largest SBET (2140 m 2 /g) among all samples was observed in BZ3 prepared via the base-pretreatment, followed by ZnCl2 activation with the impregnation ratio of 3 g/g. This result indicated that the activated carbons possessing high surface area could be prepared by ZnCl2 activation with the low impregnation ratio (3 g/g) from base-pretreated materials. The Vmeso values of the H3PO4 and ZnCl2 activated samples were increased accompanied by an increase in the impregnation ratio. The activation with high impregnation ratio could produce large pore but simultaneously cause the decreases in SBET and Vmicro because of the blocking of micropore by the excess activation agent 17) and the pore destruction by the severe activation reaction 24) . The highest Vmeso (1.54 cm 3 /g) and Dave (6.0 nm) among the H3PO4 activated carbons were obtained in BP6, and similarly BZ6 had the best Vmeso (1.60 cm 3 /g) and Dave (4.4 nm) in the ZnCl2 activated carbons. The results suggested that the high impregnation ratio as well as the base-pretreatment of raw bamboo would be suitable for the preparation of mesoporous activated carbon in both H3PO4 and ZnCl2 activation.
In the H3PO4 activation process, the base-pretreatment of raw materials was effective for the preparation of mesoporous carbon, whereas the acid-pretreatment was negative for pore development.
Jagtoyen and Derbyshire reported that H3PO4 activation for the amorphous polymers contributed to the production of mostly micropore, while the activation of cr ystalline cellulose produced a mixture of pore sizes 25) . According to DTG results in this study (Fig. 2(b) ), the base-pretreatment could remove the amorphous polymers such as hemicellulose and lignin from bamboo, causing the increase in mesopore of the H3PO4 activated carbons. Additionally, the cellulose was decreased by the acid-pretreatment, leading the reduction of pore volume and N2 adsorption capacity of the prepared carbons. On the other hand, when ZnCl2 activation was applied, both acid-and basepretreatments could increase mesopore for the prepared carbons ( Table 1) . This result might be attributed to the improvement of impregnation ability for an activation agent due to the bamboo cell destruction by acid and base solutions. The pHslurry of each activated carbon is also exhibited in Table 1 .
The average value of the pHslurry of the H3PO4 activated carbons was approximately 4.2, lower than 4.8 for the ZnCl2 activated carbons. This result suggested that the H3PO4 activated carbons would have greater amounts of surface acidic functional groups compared to the ZnCl2 activated samples, and/or that H2PO4and HPO4 2ions would elute from carbons.
In order to evaluate the suitability of bamboo as a precursor of activated carbons, pore characteristics of the bamboo activated carbons were compared to those of the chemical activated carbons prepared from various biomasses ( Table 2 ). The porous structure of activated carbons varied depending on the raw materials. As with this work, ZnCl2 activation could produce the higher surface area carbons than H3PO4 activation when the same biomass was used as the precursor. It was confirmed that the base-pretreatment was also beneficial for the promotion of the mesopore development when the biomasses other than bamboo was used as the raw materials. However, the Vtotal and Vmeso of the bamboo activated carbons were larger than those of the other activated carbons, revealing that bamboo would be the excellent sources for the production of mesoporous activated carbons for the removal of bulky dye molecules. Fig. 4 provides the pore size distributions of the mesoporous carbons such as P6, BP6, Z6, AZ6 and BZ6. BP6 had the extremely developed mesopore with a broad range of 10-50 nm, while BZ6 and AZ6 exhibited the peak at around 3.8 nm. Thus, it was obvious that the base-pretreatment prior to H3PO4 activation would be suitable for the development of mesopore with a wide range of pore diameter and that the carbons with mesopore of less than 10 nm in diameter could Table 1 Yield, porous properties and pHslurry of bamboo activated carbons Each sample is named based on the kind of pretreatment (A: Acid-pretreatment; B: Base-pretreatment) and activation methods (P: H3PO4 activation; Z: ZnCl2 activation) as well as the impregnation ratio (3 or 6 g/g). Table 2 Pore characteristics of H3PO4 or ZnCl2 activated carbons prepared from various raw materials ─ 84 ─ be effectively produced via the acid-and base-pretreatments followed by ZnCl2 activation. Although H3PO4 and ZnCl2 activations were performed to prepare mesoporous carbons in this study, the characteristics of mesopore were different form each activation method probably caused by the different activation mechanisms. In H3PO4 activation, the mesopore would be produced by cross-linking and swelling cellulose chain in raw materials by H3PO4 reagent 25) . On the other hand, ZnCl2 could vaporize and expand carbon structure in activation processes 30) , implying that the components of a precursor would have little influence for the pore size of prepared carbons in ZnCl2 activation. The reason why BP6 abundantly had the 10-50 nm mesopore was that the components playing no significant role in the production of large pore, i.e. hemicellulose and lignin, could be removed by the base-pretreatment, and at the same time that the large amount of H3PO4 reagent could adequately progress the cross-linking reaction with cellulose.
Pore size distributions
Adsorption study
The MB adsorption capacity of each activated carbon is summarized in Fig. 5 . The H3PO4 activated carbons showed adsorption amount (Qe) of approximately 0.9 mmol/g, and the better adsorption capacity of over 1.3 mmol/g was shown in the ZnCl2 activated samples because of well-developed surface area. However, the order of adsorption amounts was not always consistent with the order of SBET.
Oishi et al. addressed that mesopore increased MB adsorption capacity, although a part of micropore should be able to accommodate a MB molecule 31) . The samples with the impregnation ratio of 6 g/g (P6, AP6, BP6, Z6, AZ6 and BZ6) had smaller SBET but higher Vmeso.
Accordingly, each MB adsorption capacity was almost equal to those with the low impregnation ratio (3 g/g) ( Table 1 ). In addition, it has been well understood that surface chemistry of adsorbents as well as solution pH also play an important role in the adsorption process.
Iqbal and Ashiq performed the adsorption of anionic and cationic dyes using the activated charcoal supplied by Scientific and Technological Development Corporation of Pakistan (STEDEC) at various initial pH conditions 32) . Their findings indicated that the low pH values led to the positive charge on carbon surface and enhanced the anionic dye adsorption, whereas the adsorption of cationic dye was improved with an increase in solution pH. In this study, the equilibrium pH (pHe) of MB solution with the H3PO4 activated carbons was 3.0-3.5, which was lower than that of ZnCl2 activated carbons (4.0-4.5), because the H3PO4 activated carbons would elute remaining phosphoric acid from the carbons. As a result, the H3PO4 activated carbons were not wellsuited for the adsorption of cationic compounds such as MB.
The DB71 adsorption capacity of each activated carbon is also summarized in Fig. 6 . BP6 had the greatest adsorption capacity of 0.97 mmol/g in the all adsorbents due to the largest Dave. On the other hand, the adsorbents possessing mainly micropore (AP3, Z3, AZ3 and BZ3) showed the low Qe values, because a DB71 molecule is one-dimensionally larger than micropore. In the comparison of BZ6 with BP6, it is obvious that the adsorption capacity for BZ6 was 0.4 times lower than that for BP6 although the Vmeso of BZ6 was the largest value among other activated carbons ( Table 1) . Based on the pore distribution as shown in Fig. 4 , approximately more than 10 nm mesopore abundantly existed on BP6, suggesting that the expanded mesopore would well work for the uptake of DB71. Thus, the H3PO4 activated carbon prepared from base-pretreated bamboo would be useful for the DB71 removal.
CONCLUSIONS
In the present study, activated carbons were prepared via acid- 
